Objective: To compare percentage body fat (%BF) for a given body mass index (BMI) among New Zealand European, Maori and Pacific Island children. To develop prediction equations based on bioimpedance measurements for the estimation of fat-free mass (FFM) appropriate to children in these three ethnic groups. Design: Cross-sectional study. Purposive sampling of schoolchildren aimed at recruiting three children of each sex and ethnicity for each year of age. Double cross-validation of FFM prediction equations developed by multiple regression. Setting: Local schools in Auckland. Subjects: Healthy European, Maori and Pacific Island children (n ¼ 172, 83 M, 89 F, mean age 9.472.8(s.d.), range 5-14 y). Measurements: Height, weight, age, sex and ethnicity were recorded. FFM was derived from measurements of total body water by deuterium dilution and resistance and reactance were measured by bioimpedance analysis. Results: For fixed BMI, the Maori and Pacific Island girls averaged 3.7% lower %BF than European girls. For boys a similar relation was not found since BMI did not significantly influence %BF of European boys (P ¼ 0.18). Based on bioimpedance measurements a single prediction equation was developed for all children: FFM (kg) ¼ 0.622 height (cm) 2 /resistance þ 0.234 weight (kg) þ 1.166, R 2 ¼ 0.96, s.e.e. ¼ 2.44 kg. Ethnicity, age and sex were not significant predictors. Conclusions: A robust equation for estimation of FFM in New Zealand European, Maori and Pacific Island children in the 5-14 y age range that is more suitable than BMI for the determination of body fatness in field studies has been developed.
Introduction
The prevalence of overweight and obesity in children has increased significantly over the last 20 y in Westernised countries (Troiano et al, 1995; Freedman et al, 1997) . Children who are overweight or obese are more likely to become overweight adults (Serdula et al, 1993; Rossner, 1998; Williams, 2001) . In adults, body mass index (BMI) is widely used to define cut-off thresholds for overweight or obesity and there is a large literature on relations between BMI and measures of body fat. These cut-off thresholds are based primarily on European data, but it is known that Polynesian adults of the same body size as European have higher fat-free mass (FFM) and lower fat mass (Swinburn et al, 1996; Rush et al, 1997) . In children, the situation is more complicated as BMI is highly age-dependent and obesity is more difficult to define (Daniels et al, 1997) . In addition, limited data are available using more direct measurements of body adiposity in children. For these reasons more accurate measurement of body composition, and particularly body fat, of children is of increasing importance. For measurement or indexing of body fatness bioimpedance analysis (BIA) has clear advantages over BMI because it differentiates between fat and lean tissue whereas BMI does not.
The bioelectrical impedance technique is a noninvasive, easily applied methodology for the measurement of body composition which has been developed for field use. Equations for estimating FFM and body fat using this tool, with appropriate cross-validation, have been developed in adults (Lukaski et al, 1986; Segal et al, 1988; Heitmann, 1990; Deurenberg et al, 1991; Kyle et al, 2001 ) and, in a few instances, in children (Guo et al, 1990; Deurenberg et al, 1991; Houtkooper et al, 1992; Morrison et al, 2001 ). Such equations tend to be specific to the populations for which they were developed and both age and ethnicity may be important predictors.
In New Zealand, adults of Maori or Pacific Island descent are represented at disproportionately high levels in the prevalence statistics for obesity and the associated health consequences (Howden-Chapman & Tobias, 2000) . There is growing evidence that the prevalence of overweight Maori and Pacific Island children also exceeds that in the New Zealand European population of this age group (Tyrell et al, 2001a) . However, a nationally representative survey of body size and fatness of New Zealand children has never been undertaken. In the present study, we aimed to: (1) examine the ethnicity dependence of the relation between BMI and body fat in New Zealand European, Maori and Pacific Island children in the 5-14 y age range; and (2) develop BIA equations for the estimation of body fat that are appropriate to these children.
Methods

Subjects
Children were recruited from local schools with significant Maori and Pacific Island populations in their zones. A nonrandom purposive sampling approach was used which aimed at enrolling three children of each sex (encompassing a wide BMI range) for each year of age between 5 and 14 y inclusive in each of the European, Maori and Pacific Island ethnic groups. Ethnicity was defined by self-identification. Children with physical handicaps that might interfere with body composition measurement were excluded as were those who had any illness at the time of testing and those who were less than 12 months resident in New Zealand. No more than one child from each household was studied. The study protocol was explained to the parent(s) and the children, and informed, written consent was obtained from each child and/or parent. Ethical approval was obtained from the Auckland Ethics Committee and the Auckland University of Technology Ethics Committee.
Protocol
Measurements on each child were carried out either at their school, at home or during a visit to the body composition laboratory. Body weight in light clothing (70.1 kg) was measured using digital scales and an estimated clothing weight subtracted, height without shoes and sitting height (70.1 cm) were measured using a stadiometer, a baseline urine sample was collected, bioelectrical impedance analysis was performed, and 0.05 g 2 H 2 O per kg body weight was given orally. The preweighed dose was administered via a straw in a child's sealed drinking cup and followed by two rinses of bottled water. Each child was given a labelled sampling container and instructions to collect a timed urine sample 5 h postdose. The bladder was emptied at least an hour before this 5 h sample was collected.
Measurement of deuterium dilution space
The 2 H isotopic enrichment of the urine samples was determined by carefully placing a chromocol vial containing 10 mg of platinum on alumina powder upright in the urine sample. Atmospheric air was removed for 5 min from the capped vacutainer using a 10-port preparation line. Following the evacuation, 99% hydrogen gas was introduced into the vacutainer using the same 10-port preparation line. Samples were then left at room temperature for three days to allow the 2 H in the urine sample to equilibrate with the hydrogen gas above the sample. The vacutainers were placed into an autocarousel and the enrichment of 2 H was assessed using isotope ratio mass spectrometry. Reference waters of known enrichment were prepared at the same time and in the same way as the urine samples and included in the analysis to allow for correction of results for electronic drift in the mass spectrometer. Results were expressed in delta units (%) relative to an international standard (standard mean ocean water, SMOW). If the enrichment of the reference waters run as samples deviated by more than 1.5% from the known value, the urine samples banded by those references were reanalysed. All samples were measured in duplicate. The 2 H dilution space was determined by equations recommended by the International Dietary Energy Consultancy Group (IDECG, 1990) .
Body composition FFM was determined from the 2 H dilution space by assuming that this is 4% larger than total body water and by using the appropriate value for the hydration of FFM in children of different ages (Fomon et al, 1982; Lohman, 1986) . Fat mass (FM) was derived as the difference between body weight and FFM. Percentage of body fat (%BF) was calculated as 100 Â FM/body weight.
Bioelectrical impedance analysis
Resistance (R) and reactance (X) were measured at 50 kHz using a SEAC bioimpedance analyser (Model BIM4, Impedimed, Capalaba, Australia) with a tetrapolar arrangement of self-adhesive electrodes (Red Dot 2330, 3M Healthcare, St Paul, MN, USA). These measurements were carried out with the child lying supine on the floor, the arms near but not touching the body and the legs abducted. The skin of the right hand and foot was swabbed with alcohol before the electrodes were placed. Source electrodes were placed on the dorsal surface of the foot over the distal portion of the second metatarsal, and on the hand on the distal portion of the second metacarpal. Sensing electrodes were placed at the anterior ankle between the tibial and fibular malleoli and at the posterior wrist between the styloid processes of the radius and ulna. The child was lying still for at least 5 min before the measurements were made. The average of repeated measurements of R and X agreeing to within 2 O of each other was used in subsequent analyses.
Statistical analysis
Data were analysed using the statistical program NCSS 1997 (Number Cruncher Statistical System for Windows, Kaysville, UT). Descriptive statistics were generated for height (H), sitting height (H s ), weight, BMI, FFM, FM, %BF and are expressed as mean7s.d. Differences between males and females and between ethnic groups were assessed by twoway ANOVA and significant effects were examined by pairwise comparisons using t-tests. Relation between %BF and BMI were examined by linear regression analysis and analysis of covariance was used to compare these relations between ethnic groups (dummy coded as: European ¼ 0, Pacific Island ¼ 1, Maori ¼ 2). As a prerequisite for proceeding with covariance analysis, similarity of regression slopes among the groups was examined by the significance of the interaction between the covariate and the grouping variable. Residual analysis was used to check the assumptions of linear regression analysis. FFM derived from the total body water measurement was used as the criterion for the development of prediction equations by multiple regression analysis based on the potential predictor variables: weight, age, H, H s , H 2 /R,
, and ethnicity. A double crossvalidation approach in which the total sample was split randomly into equal groups was used and an equation was developed for each, with the other group being used to crossvalidate each equation. If the equations proved to be similar with comparable crossvalidation performance a single equation was developed for the entire sample. Covariance analysis was used to compare the multiple regression models in the two groups. The statistical methods for the development of prediction equations based on body composition parameters have been described elsewhere (Guo & Chumlea, 1996) . Briefly, model selection was carried out using the stepwise variable selection and 'all possible regressions' procedures. Mallow's Cp statistic (Mallows, 1973 ) was used as a measure of the appropriate number of predictors. High R 2 values, small standard errors of estimate (s.e.e.'s) and small Cp values indicated optimal models. These equations were examined for the significance of the regression coefficients. A variance inflation factor (VIF) was calculated to assess the stability of each estimated coefficient in the prediction equations. Large VIF values (410) imply considerable interrelations (collinearity) among the independent variables and such equations tend to be samplespecific. In the simplest case of two independent variables the VIF is the reciprocal of ( 1Àr 2 ) where r is the coefficient of correlation between the two variables (Neter et al, 1983) . Pure error, calculated as the square root of the mean of the squared differences between the measured and predicted FFM, was used to assess the accuracy of the predictive equations on crossvalidation. Differences between measured and predicted FFM were investigated by the procedures described by Bland and Altman (1986) . The 5% level was chosen for statistical significance.
Results
A total of 172 (83 male, 89 female) children participated in the study. The ethnic composition of the sample was 55 European (26 male), 59 Maori (29 male) and 58 Pacific Island (28 male). Physical characteristics and results of body composition analysis for the subjects grouped by sex and ethnicity are shown in Table 1 . There were no significant differences in age or height between study subjects by ethnicity or sex. Pacific Island girls were significantly heavier (P ¼ 0.004), with higher BMIs (Po0.0001), greater FFM (P ¼ 0.008) and FM (P ¼ 0.007) than European girls. BMI of the Maori girls was higher than the European girls (P ¼ 0.004) but lower than Pacific Island girls (P ¼ 0.035) and they had lower FM (P ¼ 0.046) than their Pacific Island counterparts. %BF for the girls was similar for the three ethnic groups. Body composition of the boys was similar across all ethnic groups, but Maori boys had significantly higher BMIs (P ¼ 0.023) than their European counterparts. In the Pacific Island group, girls had significantly higher BMI (P ¼ 0.001), FM (P ¼ 0.0009) and %BF (Po0.0001) than boys. %BF was also significantly higher in girls for the Maori (P ¼ 0.014) and European (P ¼ 0.018) groups.
The regression of %BF by 2 H dilution on BMI was examined for each ethnicity/sex subgroup. This regression tended to be curvilinear except for the European boys for whom %BF was not significantly influenced by BMI (r 2 ¼ 0.07, P ¼ 0.18). The curvilinearity was removed by regression of %BF on the logarithm of BMI. Comparison of the regression relation for the girls showed no difference between Maori and Pacific Island and these two groups were combined as a single Polynesian group for establishing the %BF-BMI relation. There was no significant difference between the slopes of the regressions for European and Polynesian girls (P ¼ 0.17), but covariance analysis showed their intercepts to be significantly different (P ¼ 0.023, Figure 1 ). Table 2 ). The regression relations between %BF and BMI were not different statistically between Maori and Pacific Island boys and these two groups were combined as a single Polynesian group for establishing the %BF-BMI relation (Figure 2 ). There was no significant difference between the slopes (P ¼ 0.10) or the intercepts (P ¼ 0.28) of the regressions for European and Polynesian boys and the common equation for the boys was %BF ¼ 54.00log 10 (BMI)-45.57 (s.e.e. ¼ 5.10%, r 2 ¼ 0.41).
The total sample was split randomly into equal-sized groups of 86 children (groups A and B) to develop prediction equations for FFM based on BIA measurements. These equations obtained by stepwise multiple regression analysis are shown in Table 3 . The same predictor variables entered into both equations and ethnicity, age, sex, H, H s , R, and X Regressions of predicted FFM on measured FFM developed for each group were almost identical with similar deviations from the line of identity (slope ¼ 0.96 for group A and 0.95 for group B). Thus, a single equation using all 172 children was developed for BIA prediction of FFM (Table 4) . Regression analysis with FFM as dependent variable and H 2 /R and weight as independent variables in the two combined groups, using the group as a dummy variable, showed no group effect in the relation (P ¼ 0.51). H 2 /R accounted for 93% of the variability (s.e.e. ¼ 3.17 kg) of the equation while weight alone accounted for 89% of the variability (s.e.e. ¼ 3.87 kg). The mean difference between measured and predicted FFM was 0.0172.43 kg (2s.d. limits of agreement: À4.9 to þ 4.9 kg FFM). Absolute differences in FFM between measured and predicted values were not correlated with FFM (r ¼ 0.10, P ¼ 0.17).
Discussion
The assessment of overweight and obesity in children is more difficult than in adults and no commonly accepted standards have emerged. In adult populations thresholds for overweight and obesity based on BMI are recognised internationally. BMI of children changes appreciably with age and some investigators have proposed sex-and agespecific cut-off points as derived from a large international survey (Cole et al, 2000) . As is the case with adults, suitable BMI cut-off points which have been generated largely from white populations may not be appropriate for nonwhites such as Asians or blacks. We have reported previously (Rush et al, 1997 ) that for equivalent body fat percentages Polynesian women (in the 18-27 y age range) living in New Zealand have a higher BMI than New Zealand Europeans in this age group. The present study confirms that in girls aged between 5 and 14 y, those of Maori and Pacific Island descent have a lower %BF than their European counterparts for the same BMI. We were not able to demonstrate a similar effect in boys. In our sample of European boys %BF was not significantly influenced by BMI and our measurements for both these variables were more limited in range compared to the Maori and Pacific boys. Cole et al (2000) proposed cut-off points for BMI ranging from 19 to 29 kg/m 2 for children aged 5 to 14 y, respectively, that correspond to the adult obesity threshold of 30. Our study suggests that these BMI thresholds need to be raised by 3-4 units for Maori and Pacific Island girls in this age range (Table 2) . Tyrell et al (2001a) also examined the relation between %BF and BMI in New Zealand European, Maori and Pacific Island children aged 5-11 y and found a statistically significant effect of ethnicity but concluded that it was not large enough to be clinically important. Their results showed some evidence of differing slopes in the regression lines for Europeans and Pacific Island children so that %BF in the latter group did not increase as rapidly with BMI. This suggests that BMI differences for equivalent %BF in the two ethnic groups are dependent on the BMI level chosen. We found it necessary to perform separate analyses for boys and girls and it is not clear from the study by Tyrell et al (2001a) whether this approach would alter their conclusions. Direct comparison with the results of the present study is also difficult because of the differing approaches to estimation of FFM. Tyrell et al (2001a) used %BF calculated from FFM estimated from foot-to-foot BIA measurements using an equation developed in a subgroup of the sample with dual-energy X-ray absorptiometry (DEXA) measurements of FFM as the response variable (Tyrell et al, 2001b) .
When practical, a more direct method of measurement of fatness in children is preferable to BMI. Such a technique that may be applicable in large surveys is BIA. BIA measurements were carried out in the National Health and Nutrition Examination Survey (NHANES III) 1988-94 of more than 16 000 civilians in the United States and in the Pathways study, a multi-site study of primary prevention of obesity in Native American children (Lohman et al, 2000) . We have developed in the present study an equation relating FFM (from which %BF can be derived), obtained from deuterium dilution measurements of total body water, to weight, height and BIA resistance that is applicable to New Zealand European, Maori and Pacific Island children in the 5-14 y age range. Height and BIA resistance entered the equation as impedance index, height squared/resistance. Predictor variables which did not add significantly to this equation were sex, ethnicity, height alone and age. We also measured sitting height in our children since it is known that body geometry may affect the electrical properties of the body (Ward et al, 2000) and that relative leg length may vary between different populations (Norgan, 1995) and may be dependent on factors affecting early childhood growth (Davey Smith et al, 2001; Leitch, 2001) . Sitting height alone was not a significant predictor and when used instead of height in the impedance index, H 2 /R, it did not improve the performance of the model. Our equation is very similar to that developed by Houtkooper et al (1992) in white children aged 10-19 y where the same predictor variables were used. The prediction error in our equation (2.4 kg) was slightly higher than Houtkooper's (2.1 kg) while the adjusted R 2 values were similar (0.96 and 0.95, respectively). The slightly higher prediction error is not surprising given that the children in our sample, when compared with those analysed by Houtkooper et al (1992) exhibited a wider range of weight, %BF and BMI. We performed a double crossvalidation on our sample the results of which indicated a robustness to the final equation developed from the whole sample.
There is limited other published work in children using a crossvalidation approach to generate prediction formulae for FFM based on BIA. Morrison et al (2001) found in 6-to 17-yold black and white girls using DEXA measurements as the criterion that the prediction equations were ethnicityspecific while age was not a significant predictor. Deurenberg et al (1991) in children aged 7-15 y obtained an equation that was sex-specific for their sample of European children. In this study, FFM was used as the criterion and calculated from %BF measured by underwater weighing with ageadjusted density of the FFM. The equation developed by Tyrell et al (2001b) in New Zealand European, Maori and Pacific Island children and which has not undergone a cross-validation analysis was sex-specific but not ethnicityspecific.
Equations were developed in this study using FFM as the criterion variable rather than FM because of the functional relation between bioelectrical impedance and the hydrated lean tissue of the body. These equations can be used to calculate total body fat and body fat as a percentage of body weight for each individual. Comparing these estimated values of FM and %BF with those calculated from measured FFM in each individual the pure error for the prediction of FM was 2.4 kg and for %BF was 5.1%. This prediction error for %BF is similar to that reported for skinfold thickness measurements in children (Deurenberg et al, 1990) . The portability and ease of use of BIA instruments renders this technique very suitable for field use with the advantage of being less operator-dependent than approaches based on skinfold anthropometry. However, the prediction errors resulting from application of the equation generated in this study to similar populations of children will be inflated unless measurement conditions which match those in the present work are adhered to.
Conclusions
We have demonstrated that BMI is not an appropriate measure of fatness in a multiethnic population of European, Maori and Pacific Island girls. Further data are required to establish for boys whether the relationship between BMI and body fatness is independent of ethnicity. A robust equation for estimation of FFM in New Zealand European, Maori and Pacific Island children in the 5-14 y age range that is more suitable than BMI for the determination of body fatness in field studies has been developed.
